The electrochemical interfacial properties of a well-ordered self-assembled monolayer (SAM) of 1-undecanethiol (UDT) on evaporated gold surface have been investigated by electrochemical impedance spectroscopy (EIS) in electrolytes without a redox couple. Using a constant-phase element (CPE) series resistance model, prolonged incubation times (up to 120 h) show decreasing monolayer capacitance approaching the theoretical value for 1-undecanethiol. Using the CPE exponent a as a measure of ideality, it was found that the monolayer approaches an ideal dielectric (a ¼ 0.992) under prolonged incubation, which is attributed to the reduction of pinholes and defects in the monolayer during coalescence and annealing of SAM chains. The SAMs behave as insulators until a critical potential, V c , is exceeded in both cathodic and anodic regimes, where electrolyte ions are believed to penetrate the monolayers. Using a Randles circuit model for these cases, the variation of the capacitance and charge transfer resistance with applied dc potential shows decreased permeability to ionic species with prolonged incubation time. The EIS data show that UDT (methylene chain length n ¼ 10), incubated for 120 h, forms a monolayer whose critical voltage range extends from À0.3 to 0.5 V versus Ag/AgCl, previously attained only for alkanethiol at n ¼ 15. At low frequencies where ion diffusion occurs, almost pure capacitive phase (À89 deg) was attained with lengthy incubation.
Introduction
Interfacial transport at the micro and nanoscale plays a crucial role due to high surface area to volume ratio of micro and nanosytems [1] . SAMs provide a unique way to control and functionalize the interfacial properties at a solid liquid/interface. There have been numerous studies on the quality of organic SAMs as a blocking mechanism for prevention of ion adsorption [2] [3] [4] [5] [6] [7] , with applications ranging from biosensors to nanoscale transport. Studies on charge selectivity have been done on electroless gold-coated polycarbontate track etched membranes (PCTE) [8] . An alkanethiol was used to prevent anion (e.g., chloride ions) adsorption to the gold surface. The membrane was immersed in 1 mM thiol solution for 24 h. However, it was observed that an irreversibility of charge selectivity occurred due to the poor quality of the monolayer over the gold-coated membrane surface. In addition to prevention of ion adsorption, the diffuse-layer potential at the monolayer surface can act as a screening mechanism for nanoscale transport applications [9] . The model of an SAM-covered electrodeelectrolyte interface includes the following features: a potential of the metal (u m ), a potential drop across the monolayer (assumed to be linear), and a potential at the surface of the monolayer (u s ), a potential drop in the diffuse layer, all relative to some remote point in the solution (u ref ) [5] . For a smooth gold substrate, the zeta potential should be close to, if not coincident with the diffusive double-layer potential [10] . As the ionic strength is increased, the diffuse-layer potential becomes a linear function of the applied potential. A calculation of diffuse-layer potential for HO(CH 2 ) 14 SH monolayer coated Au electrode in 1 mM electrolyte resulted in a range of roughly 640 mV results from 6300 mV of applied potential [5] . Additional studies have shown the surface charge density of alkane monolayers to be dependent on the pH of the electrolyte solution [11, 12] . The diffuse-layer potential decreases for the same applied potential as the ionic strength is increased, due to the compaction of the diffuse layer.
The applications of SAMs are often limited by the quality of the monolayer. In the biosensor arena, SAMs on a metal electrode allow the direct electron transfer of an enzyme immobilized on the monolayer, facilitating the investigation of enzyme kinetics using electrochemical techniques [13] [14] [15] [16] [17] [18] . Ideally, the catalytic current through the enzyme is detected as increased tunneling current through the monolayer at the enzyme's Nernst potential, but conduction through pinholes (areas where metal is exposed to solution due to absence of monolayer) and collapsed sites may affect the outcome. Studies have been performed to characterize how the temperature of the thiol solution can affect the growth of the monolayer on a gold substrate. Using STM measurements, it has been demonstrated that the vacancy island area does indeed change over a wide range of temperatures, but the overall defect fraction area does not change [19, 20] . As the temperature is increased, the number of vacancy islands decreases, but the area of each vacancy island increases. This is a result of the Ostwald ripening process, in which larger vacancy islands grow at the expense of smaller gold islands [21, 22] . Some of the contributions that dictate how well a monolayer is grown can be determined by the roughness of the SAM on the substrate. Douglass et al. studied the roughness factor for electrodes that had dodecanethiol grown on a gold substrate [23] . It was determined that the macroroughness (!10 nm) of the substrate influenced the capacitive nature of the system, while the microroughness (1-10 nm) had a larger effect on the quality and structure of the SAM. In addition to monolayers containing defect sites (pinholes), monolayers may include collapsed sites that are present on the substrate. Studies have been done to try and distinguish the properties of SAMs when defect or collapsed sites are present. The electron rate constant for a monolayer with a collapsed sites was found to be 2 orders of magnitude smaller than that for a defect site [24] . This is evidence that tunneling effects occur for regions within the monolayer that contain collapsed sites. The investigation of pH on the variation of charge transfer resistance (R ct ) and the apparent rate constant has been done using EIS [25] . Furthermore, EIS measurements that are done over a range of potentials give insight to the permeability of the monolayer to penetration by solution ions. Ion penetration into the monolayer manifests as a parallel conduction path from solution to the electrode, necessitating a shift in the model from the series CPE-resistor to a Randles circuit composed of two resistors, one of which is in parallel with a capacitor. The positive and negative potential limits where the shifts occur are termed as the critical voltages V c . Studies have shown that the critical voltage range can be dependent on the length of the alkane chain [26] . Boubour and Lennox studied the critical voltages for linear chain alkane thiols [26] , where it was found that the critical voltage range was chain length dependent. For an alkanethiol of chain lengths n ¼ 7-15, the V c ranged from À0.15 V to 0.3 V, but V c for chain lengths below n ¼ 15 were all less than À0.3 V. The greater impermeability of longer chains may be ascribed to increased chain-chain interactions [27] . These attractive lateral interactions, driven by van der Waals forces, generally increase with chain length [28] . The use of EIS to study the quality of a monolayer for different immersion times has been done to explore the evolution of SAMs over different time scales. Diao et al. studied self-assembled monolayers of octadecanethiol (ODT) on gold by EIS with a redox couple in order to make a quantitative analysis of the change of the fractional coverage, pinhole size, and separation as a function of incubation time [29] . The range of incubation times in that study was from 5 s to 24 h. Their results showed that the defective monolayers exhibited Warburg impedances at low frequencies with a redox couple in solution, an indication that the ions were mass transport limited while diffusing through the defect sites. Monolayer formation kinetics were characterized by an initial fast step (chemisorption) followed by a slow step of surface coverage (through lateral bonding), and the size of the pinholes remains the same, but the number density decreases over time. However, because redox species were used, it is difficult to understand the insulative behavior of a monolayer when charge transfer resistance is always present due to tunneling effects. In another investigation utilizing EIS, experiments were performed without a redox couple in the electrolyte to study the quality of a monolayer for different incubation times of a gold electrode immersed in dodecanethiol (CH 3 (CH 2 ) 11 SH) solution [30] . A minimum of 40 h was found necessary to achieve phase shifts u ! À88 deg. For an ideal insulating (capacitive) monolayer, u ¼ À90 deg is expected. The EIS measurements for the monolayers incubated at various times were done at a single applied potential of 0 V versus Ag/AgCl. Because ion penetration is exacerbated at anodic and cathodic potentials, it is important to understand how the monolayer incubation time can affect the insulative properties of a monolayer over a range of voltages [2, 3] . Furthermore, as the applied potential approaches the potential of zero charge (PZC), a field can induce a torque on the headgroup, resulting in conformational changes in the SAM [31] . These conformational changes can lead to a lower barrier for ion penetration through the monolayer to occur. It is therefore imperative to understand the incubation time of an SAM. This work explores how incubation time on growing the monolayer can affect the critical voltage range.
Experimental Techniques

Electrochemical Instrumentation and Measurements.
Electrochemical measurements were performed using a Gamry Reference 600 (Gamry Instruments, Warminster, PA) employing a three-electrode cell: The monolayer-coated gold surface acted as the working electrode, an Ag/AgCl wire in 3 M NaCl (Bioanalytical Instruments, West Lafayette, IN) as the reference, and a gold wire as the counter electrode. Gold wire counter electrodes (Alfa Aesar, Ward Hill, MA) were used for the impedance measurements. Gold-coated microscope slides were mounted in a customdesigned cell. The gold layer was used as the working electrode. All potentials are reported with respect to the Ag/AgCl electrode. Phosphate buffer solutions (PB) were prepared as a ratio of monoand dihydrogen potassium phosphate salts (Sigma-Aldrich, St. Louis, MO) in DI water serves as electrolyte. The total concentration and pH of the electrolyte are reported. The electrolyte solutions were bubbled for 15 min with nitrogen to remove oxygen prior to electrochemical characterization. The pH of the electrolyte solution was monitored before and after the experiments. Because each experiment was performed in less than 10 min, the pH of the solution did not change within the small time interval.
2.2 Preparation of Monolayer Surfaces. 1-undecanethiol was purchased from Sigma Aldrich and dissolved in absolute ethanol (Pharmaco-Aaper, Shelbyville, KY) at a concentration of 1 mM. SPR-quality glass slides (EMF Corp., Ithaca, NY) coated with evaporated titanium (5 nm) and gold (100 nm) thin films were washed in a heated SC-1 bath (100 ml of DI water/25 ml of H 2 O 2 /2 ml of NH 4 OH) and rinsed thoroughly with DI water (resistivity 18 MX cm) and ethanol. The clean gold surfaces were incubated in a sealed Petri dish for immersion times ranging from 3 h to 5 days. The monolayer gold-coated substrates were first electrochemically polished. Electrochemical polishing was done as follows: In 0.1 M NaOH was deaerated with nitrogen gas for 15 min, with two cycles being required. The first was a wide and fast sweep from À1.2 to þ 1.5 V versus Ag/AgCl at 1 V/s (21 segments were required to obtain a stable voltammogram). The voltage range applied was based on previous studies, which ensure a monolayer formation of gold oxide from whose electrochemical surface area is determined from the reduction current [32, 33] . Second, without removing the electrode from solution, another (narrow and slow) sweep from À0.8 to 0.6 V versus Ag/AgCl at 0.05 V/s (21 segments) was performed. Cycling through these potentials ensures removal and formation of an oxide layer, which smoothens out the surface by removing an atomic layer of gold atoms. The gold surface is subsequently rinsed with DI water and absolute ethanol. The Au substrates were then incubated in thiol solutions in the manner described above. All monolayers were grown at room temperature. The monolayer-coated gold was rinsed with absolute ethanol and DI water and blow-dried with N 2 before use.
Surface
Characterization. AFM measurements of bare gold substrates were made under ambient conditions using an Asylum MFP-3D (Santa Barbara, CA). AFM probe tips used were from BudgetSensors (Sofia, Bulgaria). Images were obtained in intermittent contact mode. Roughness was calculated using the built-in software, IGOR PRO from Wavemetrics (Portland, OR). Samples were prepared by SC-1 cleaning, followed by electrochemical polishing. Transactions of the ASME of charge necessary for complete surface coverage was reported to be 677 lC cm À2 for polycrystalline gold [32] . The Au substrate was SC-1 cleaned for 30 min with 100:20:1 of DI water, H 2 O 2 , and NH 4 OH. The solution was deaerated with nitrogen for 15 min. Two CV scans were done between À0.061 V and 1.239 V (versus Ag/AgCl) with a scan rate of 50 mV s À1 . The total charge was then calculated by integrating the oxide peak area. The electrochemical area was calculated to be 0.59 cm 2 .
3.2 AFM Measurements. The AFM measurements provided information on surface topography of the gold substrate. The main parameter used in quantitative analysis of the surface is the rms roughness. The rms roughness was measured to be 1.7 nm for electrochemical polished substrates. The peak-to-peak values (maximum height difference) were 14 nm shown in Fig. 1 . These values are consistent with those found in previous studies for gold-coated glass slides with a titanium adhesion layer [34] , which were also used as substrates for monolayer formation.
EIS and CV Measurements. EIS and CV experiments
were done on a 1-undecanethiol monolayer that was immersed in a 1 mM thiol solution from 3 to 120 h. A gold-coated microscope slide was used as the working electrode. The system was purged with nitrogen for 15 min before experiments were started. To rule out the possibility of other redox species, several CV scans were done which showed the absence of faradaic current with scan rates from 100 mV s À1 to 1 V s À1 and voltage ranges from À0.5 V to 0.5 V with only phosphate buffer as the electrolyte solution. The ionic strength (I) of the buffer solution was I ¼ 0.0316 M.
Self-assembled monolayers of alkanethiols on gold have been shown to strongly block electrochemical oxidation of gold as well as electron transfer with redox couples in solution. The behavior of the SAMs has been ascribed to their ability to limit access of solution-phase molecules (water, electrolyte ions, and redox molecules) to the electrode surface. The insulating abilities of thiol monolayers on gold were demonstrated in studies that used methyl-terminated alkanethiols (11, 13, 15 , and 17 methyl groups) could suppress gold oxide anodic stripping by 3-5 orders of magnitude [4, 24] . The present study has confirmed that cyclic voltammetry of bare gold surfaces in electrolyte containing no redox species shows the peaks where gold oxidation and reduction of the oxide occur, as well as the double-layer region where there is only charging current. The CVs compare well with bulk gold and gold sputtered on glass microscope slides. Upon the adsorption of thiol monolayers on the gold surface, gold oxide formation and reduction are suppressed, as evidenced by the lack of peaks in the CV seen in Fig. 2 , which compares two CV experiments between a bare gold polycrystalline surface and of a gold substrate with a monolayer grown for several days.
Cyclic voltammetry of alkanethiol monolayer-coated electrodes in electrolyte solutions shows that the charging current drops dramatically in comparison to the bare metal electrode and becomes constant with electrode potential. This constant potential is consistent with the presence of a low dielectric constant between electrode and electrolyte. Equation (1) is an expression for the differential capacitance C d , which is modeled by a series combination of two capacitances, the monolayer capacitance C m (which replaces the Helmholtz capacitance C H of the bare metal), and the diffuse-layer capacitance C D [35] . Monolayer capacitance is a property of the spacer length, while the diffuse-layer capacitance is a function of the electrolyte concentration and applied potential with a minimum at the potential of zero-charge (E pzc ), such that
To account for the Faradaic currents, investigators postulated that electron transfer could occur at pinholes (sites exposed to electrolyte due to the absence of adsorbate) in the monolayers. Pinholes are thought to occur mainly at grain boundaries, steps, and kinks in polycrystalline gold. Even then, at these sites, the gold surface may be partially protected by a collapse of the monolayer, producing a defect in the monolayer where molecules and ions can approach the electrode surface at a distance shorter than the distance of the SAM. The presence of pinholes and defect sites is evidenced by departure from perfect blocking behavior. Potential dependent background currents are observed for gold-monolayerelectrolyte systems, even in the absence of redox species. Such currents are explained by ion migration through pinhole defects in the monolayer film or charge transport, through the monolayer phase [2] . Even in the absence of pinholes and defects, tunneling through the full width of the monolayer contributes to a current. However, it is not easy to assess quantitatively the fraction of the surface that is composed of pinholes or defects [7] . Electrochemical impedance spectroscopy is used to determine the resistive and capacitive nature of a system over a set of frequencies. It has been used to characterize ionic transport through nanoporous membranes [36] . EIS has been applied to the detailed analysis of through-film and at-defect electron transport paths in thiolmodified gold electrode in a solution containing a diffusing redox species [3, 6] . Several studies used EIS to show that a defect-free monolayer obeys the Helmholtz ideal capacitor exhibiting a phase shift !80 deg [28, [37] [38] [39] [40] [41] [42] . Further, the impedance spectra can be fitted to an equivalent circuit of a solution resistance R s in series with a CPE, which accounts for double-layer capacitance and SAM capacitance. The impedance of the CPE model is expressed as
where Y o is the capacitance (F), x is the frequency of the applied electric field, and a is the constant which represents the ideality of the capacitor. The CPE is analogous to a distributed capacitance, with a being a measure of variation of the dielectric coating thickness, since we assume that the monolayer formation has no effect on gold electrode surface roughness [31] . Several theoretical models have demonstrated that the roughness, or the degree of disorder of a monolayer, can be estimated by the CPE exponent a [43] [44] [45] [46] [47] . The proof of the presence of the SAM can be observed from Table 1 . The capacitance of the bare gold substrate is approximately 1.4-60 times greater than the capacitances for SAMs grown from 3 h to 120 h. In addition, as shown in Table 1 , the a value increases as incubation time of monolayer growth increases. An ideal capacitor has a ¼ 1, while a > 0.88 suggests an adequately smooth gold surface. As mentioned above, a CPE model fits better than a simple series RC model. For alkanethiol SAMs with n ¼ 9 (1-dodecanethiol), a CPE of 1.36 to 1.67 lF/cm 2 was reported over the range À0.2 to 0.4 V (versus Ag/AgCl) [26] . Above 10 À2 M electrolyte concentration the diffuse-layer capacitance is greater than 10 lF/cm 2 , so C m dominates the interfacial capacitance. Figure 3 is a Bode phase plot that shows the insulative behavior of monolayers for two different immersion times. For the monolayer grown for 48 h, the EIS data show that the phase angle peaks between 1 and 10 Hz at À68 to À75 deg for the electrolyte concentrations of 1 mM and 10 mM. The dependency is due to the contribution of the diffuse-layer capacitance, which is strongly dependent on concentration. The model used here is from Gouy-Chapman theory, where the capacitance of the space-charge between the electrolyte and the electrode is at a minimum at the potential of zerocharge and rises at higher and lower potentials. At the minimum, at 25 C with a z:z electrolyte, this capacitance is
where c* is bulk electrolyte concentration in mol L À1 [35] . For a 1:1 electrolyte at 50 mM concentration, the double-layer capacitance is calculated to be 50 lF cm À2 . This relatively high capacitance is characteristic of the gold-solution interface when it is not blocked from electrolyte by a monolayer, which corresponds to pinhole areas in an SAM.
The monolayer-covered gold/solution interface forms a second kind of interfacial capacitance. This capacitance (neglecting charge on the head group) is dominated by the monolayer capacitance C m , determined by the relative permittivity of the alkanethiol chain and the film thickness d of the monolayer, such that
For a well-ordered monolayer, characterized by a permittivity value of around 2 expected for hydrocarbon chains and thickness d 2 nm, C m values in the range of 1-1.8 lF cm À2 are expected, with longer-chain thiols having lower capacitance due to the higher thickness [48] . Since C m ( C GC in the series capacitance model of the Guoy-Chapman-Stern model, the impedance of the smaller capacitance C m dominates as the frequency approaches zero (dc), and the measured CPE can be ascribed to C m .
Collapse sites where the monolayer thickness is lower than that of the well-ordered monolayer form a third type of capacitor. Since the electrolyte ions are blocked from approaching the gold surface, but can approach the electrode much closer than the full width of the monolayer, the measured CPE here would then be lower than that of a bare electrode/electrolyte but higher than that of the well-ordered monolayer. In the case of incomplete monolayer coverage, with the possibility of pinholes, these three capacitances coexist. With increased incubation time, it is reasonable to assume that with reorganization of the monolayer results in reduction of coverage by defects. In this case, we can expect a decrease in capacitance, as well as an increase in a values with incubation time implying that the monolayer thickness is becoming more uniform.
Therefore, for defect-free monolayers, the phase shift should be independent of concentration due to the monolayer capacitance exhibiting behavior similar to the Helmholtz capacitance, which is independent of electrolyte concentration. A similar gold surface incubated for 5 days exhibited an À88 deg phase shift at 1 Hz shown in Fig. 3 . At this frequency, the phase angle varied less than 1.2% between 1 and 10 mM for the Au substrate immersed for several days. This is evidence of a monolayer that has minimal pinholes and defects, due to the improved ordering of the monolayer afforded by prolonged incubation in thiol solution. It has been reported that the structure of SAMs does not change significantly when exposed to a 1 mM solution for 12-18 h [28] . However, evidence has shown that immersion times of 7-10 days can reduce the number of pinholes in the SAM and the conformational defects in the alkane chain to decrease [28] . Thus, for applications such as the study of electron transport by tunneling through monolayers or preparation of surfaces that need to be well insulated from solution redox species, longer immersion times for improved monolayer regularity and stability are needed. It is also important to note that an inductance was present at high frequencies above 10 kHz for the EIS experiments with 1 mM electrolyte concentration. A survey of the literature was made as to find the causes of inductance in a circuit with only capacitances and resistances. These effects have been divided into inductances that appear at low frequencies (<10 Hz) and those that appear at high frequencies (>100 kHz). For low frequencies, these have been ascribed to adsorbed intermediates [49] or relaxation of adsorbed anions on a metal surface [50] . However, these inductances appear at frequencies (1 and 0.1 Hz) much lower than what we have observed (10 kHz). At high frequencies, the usual suspects are stray inductances from wire leads. Indeed at these frequencies (>100 kHz), we do see an inductive phase shift. However, neither of the high or low frequency explanations account for the fact that the inductive phase in our data appears at 10 kHz, a frequency intermediate between low and high frequency situations above. Dinh et al. have suggested that this may be partly due to the potentiostat itself (capacitance at the reference input in conjunction with high capacitance and low resistance at the working electrode) at frequencies greater than about 10 kHz [51] . Using various model circuits with the above characteristics, we were unable to recreate the peaked, positive phase shift at 10 kHz by using model circuits; thus, we are continuing to investigate the matter. One other possibility is the coupling of the capacitance of the electrodes and wires to the Faraday cage where the experiments on the monolayers were carried out [52] .
To develop models for categorizing SAMs into those that are defect-free or those having induced defects, the corresponding impedance data were fitted to equivalent circuits by using the algorithms built into the ECHEM ANALYST software package (Gamry, Inc.). Models were constructed using the built-in MODEL EDITOR. The Levenberg-Marquardt method was used to fit the data to the CPE-resistor circuit shown in Fig. 4(a) . The results are shown in Table 1 . The 1-Hz frequency was chosen for measurements due to the relaxation times in which diffusion related phenomena occur for alkane SAMs. This has been consistent with previous studies, which have characterized SAM layers on gold using EIS [30, 38] .
For a monolayer that does not exhibit purely capacitive behavior, a Randles circuit was used. Figure 4 (b) is a Randles circuit, which includes a solution resistor in series with an RC circuit. The RC circuit includes the double-layer capacitance of the surface and the charge transfer resistance, due in part to the ionic transport through the monolayer.
Taken as a whole, the results show that the CPE value decreases, while the a parameter approaches unity as the incubation time increases. The high CPE (although lower than the bare gold CPE value) at 3 h suggests the presence of defect collapsed sites, implying a thinner dielectric. The presence of pinholes leading to a ¼ 0.944 means that the electrolyte has access to the metal, further adding to the overall capacitance. A low a could also imply low uniformity of dielectric thickness. Increasing incubation time anneals the alkanethiolate into a sufficiently uniform, very close to defect-free, blocking monolayer as evidenced by the low CPE value and a approaching unity for 120 h. The schematic below (Fig. 5) shows the evolution of the SAM surface with incubation time. This is consistent with the results of kinetic studies of alkanethiol adsorption as reviewed by Ulman [53] and Schreiber [27] where two distinct steps in the absorption kinetics were observed: a very fast step and a second slow step, which can be described as a surface crystallization process. The kinetics of the second step is related to chain disorder, chain-chain interaction (van der Waals), and mobility of the surface chains. As previously suggested, the pinhole size remains invariant, while the number of pinholes decreases with increasing immersion time in thiol solution [29] . More importantly, however, the present study demonstrates that beyond 24 h, an improvement of the insulating Figure 6 shows a Bode plot of each monolayer at different incubation times. At 3 h, it is apparent that the number of defects and pinholes greatly affects the impedance at frequencies in the 1-10 Hz range in terms of both magnitude and phase. Table 2 is a summary of results for incubation times of voltages ranging from À0.4 to 0.5 V (versus Ag/AgCl). It can be observed that we were able to extend the critical voltage range to À0.3 V for an incubation time of 120 h. This was not observed in previous work for alkane chains n < 15. The results of Table 2 also show that beyond the critical voltage, the charge transfer resistance increases as the incubation time of the monolayer increased. Table 2 demonstrated that the critical voltage is dependent on not only chain length but also the amount of time that the monolayer is grown. For monolayers grown for 120 h, the critical voltage was extended to larger anodic and cathodic potentials, which in this case is À0.3 V to þ0.5 V versus Ag/AgCl. The critical voltage behavior of this shorter chain alkanethiol (n ¼ 10) was previously achieved only for longer alkane chain lengths (n ¼ 15) [26] . Figure 7 is a plot of the CPE and a values from the fit of the EIS data obtained for various thiol incubation times (15, 24 , and 120 h), and recorded at different dc potentials. The voltage ranges vary for each SAM, since SAMs grown for lower incubation times have lower resistances for ion conduction to occur through the SAM. The motivation behind these two plots is to show the potential in which the SAM behaves as an ideal capacitor. Beyond the critical voltage for each SAM, the CPE model is no longer valid. As incubation time is increased, the critical potentials are extended from À0.1 to þ0.2 V at 15 h and À0.3 to þ0.5 V at 120 h. This extends the useful range of the Au/SAM electrode for use in biosensor applications where applied potentials are needed to induce signal transduction currents. Figure 8 shows the phase shift from EIS measurements performed at a range of voltages. As can be seen, the monolayer grown for 15 h exhibits a small voltage range before ion transport through the monolayer becomes relevant. The 48 h monolayer exhibits a larger potential range up to À0.2 V (versus Ag/AgCl). It can be seen that the phase shift is >À80 deg for cathodic potentials beyond À0.2 V (versus Ag/AgCl). However, the monolayer grown over 5 days exhibits a phase shift À80 for voltages ranging from À0.3 to 0.5 V (versus Ag/AgCl). The authors of this study consider this to be evidence that the number of pinholes within the monolayer has been reduced, thus increasing the resistance for ions to transport through the monolayer.
The bimodal shape of the CPE curve for 120-h incubation is intriguing, as it suggests two different PZC values. This behavior implies two sites governed by different charge environments. The more negative of the two (À0.1 V) probably corresponds to the alkanethiol PZC; however, this is expected to be at more negative potentials. The PZC of an n ¼ 11 alkanethiol was reported to be in the vicinity of À0.37 V versus SCE [54] , to À0.49 versus Ag/AgCl [31, 55] for UDT SAMs on Au(111). More studies are required to understand the reason why a shift in PZC is observed. The minimum at þ0.2 V probably corresponds to PZC of pinholes or defects where electrolyte can access small areas of bare gold. The PZC of Au(111) was measured by cyclic voltammetry in the absence of specific adsorption (HClO 4 and NaClO 4 , 0.1 M) to be about 0.23 V versus SCE [38] or 0.275 V versus Ag/AgCl. Due to specific adsorption of phosphate anions, we expect a shift toward Note: Two equivalent circuit modes were used to describe the insulative behavior of the SAMs depending on the potential applied to each SAM. a A CPE model (Fig. 4(a) ) is used due to the insulative behavior of the SAM.
more negative PZC as seen in the plot, where a minimum is seen at 0.1 V for 15 and 48 h incubations. It is interesting to note that unlike the rest of the monolayers, the 120 h incubation positive PZC has shifted from 0.1 V to 0.2 V (versus Ag/AgCl). At this point, further comment is not warranted without additional data. The measured CPE corresponding to this PZC, however, is not an indication of the surface concentration of pinholes, as its capacitance is expected to be much higher than that of a full monolayer.
The high a values and the low CPE, as well as the ion flux for 120 h incubated sample, are an indication of a crystalline, uniform monolayer that has the lowest number of defects across the various incubation times.
Conclusion, Recommendations, and Further Work
We have shown that EIS is a sensitive probe of monolayer condition. Defects in the monolayer are readily detected as deviations from capacitive behavior with the appearance of charge transfer resistance and critical voltage behavior, and are evident even at the usual incubation times reported in the literature. These results have ramifications for investigation and application of electrochemical sensors based on immobilized enzymes on SAMs. EIS is a facile method of screening SAM electrodes for defects, especially since the same equipment (potentiostat in CV or CA mode) used in the enzyme electrode studies is also utilized to check the monolayer (potentiostat in EIS mode). Short-chain thiols (n < 7) generally do not form well-ordered monolayers and sensors built on these thiols are expected to have high double-layer charging from pinholes and background currents from redox species in solution, competing with enzyme catalytic current, and thus reducing the sensitivity of the method [18, 56] . Sensors made with longer-chain thiols that were not allowed sufficient time to anneal will likewise suffer from background currents from pinhole conduction [16] . Although the tunneling barrier at long-chain thiols (n ! 14) limits the transduction current, the reduction in electron transport rate is not as severe at medium chains and the ability to form highly ordered layers resulting in decreased background current is advantageous [17] . The larger range of working potentials afforded by well-ordered monolayer resulting from lengthy incubation times allows a larger repertoire of enzymes with a wider range of E 0 . For transport studies utilizing an SAM on a goldcoated nanoporous membrane, EIS can be used similarly as a probe of the insulating property. Insulation is especially crucial for short length scales found in microchannels and nanopores. A wider range of electrode potentials can be applied when the monolayer is highly ordered, allowing a greater range of available diffuse-layer potentials. Permeation of ions into a well-ordered monolayer is reduced, extending the usable life of the device. The present work has laid the groundwork for finding the limits of applied potentials on a blocking monolayer with minimal faradaic current. In future work, studies will be done to control the diffuse layer potential at a monolayer-gold-coated nanocapillary array membrane (NCAM) interface, in order to achieve ion selectivity. 
